Results are presented from the photoluminescence properties of C-doped Si-rich thin film oxides implanted with Er, as investigated for various postdeposition implantation and subsequent annealing and passivation conditions. In particular, it was found that the near-infrared Er luminescence intensity can be increased by up to a factor of $4 after a postdeposition anneal at temperatures of 300-1100 C. The postdeposition annealing also resulted in an enhancement of the green-red (500-600 nm) PL band associated with the film matrix. Post-Er implantation passivation in an oxygen atmosphere resulted in a gradual reduction in intensity for both the Er and matrix PLs, and led eventually to a complete quenching of both PLs at the highest passivation temperature (900 C). In contrast, hydrogen passivation increased the matrix PL intensity by a factor up to $2, but was found to have negligible effects on Er PL intensity over a wide range of passivation temperatures. Analysis of Er and matrix-related PL characteristics suggests that the matrix luminescence centers are most likely the sensitizers responsible for energy transfer to Er in C-doped silicon oxides. In this context, a discussion is presented of potential types of matrix-related luminescence centers present in such materials, along with the possible mechanisms leading to differences in Er excitation and deexcitation between the C-doped Si-rich oxide films analyzed herein and commonly reported Si-rich oxide materials containing Si nanocrystals.
Thermal annealing effects on photoluminescence properties of carbon-doped silicon-rich oxide thin films implanted with erbium Results are presented from the photoluminescence properties of C-doped Si-rich thin film oxides implanted with Er, as investigated for various postdeposition implantation and subsequent annealing and passivation conditions. In particular, it was found that the near-infrared Er luminescence intensity can be increased by up to a factor of $4 after a postdeposition anneal at temperatures of 300-1100 C. The postdeposition annealing also resulted in an enhancement of the green-red (500-600 nm) PL band associated with the film matrix. Post-Er implantation passivation in an oxygen atmosphere resulted in a gradual reduction in intensity for both the Er and matrix PLs, and led eventually to a complete quenching of both PLs at the highest passivation temperature (900 C). In contrast, hydrogen passivation increased the matrix PL intensity by a factor up to $2, but was found to have negligible effects on Er PL intensity over a wide range of passivation temperatures. Analysis of Er and matrix-related PL characteristics suggests that the matrix luminescence centers are most likely the sensitizers responsible for energy transfer to Er in C-doped silicon oxides. In this context, a discussion is presented of potential types of matrix-related luminescence centers present in such materials, along with the possible mechanisms leading to differences in Er excitation and deexcitation between the C-doped Si-rich oxide films analyzed herein and commonly reported Si-rich oxide materials containing Si nanocrystals. Doping silicon based materials with erbium for development of a Si light source has attracted a high level of attention due to its potential unique advantages. 1, 2 For one, the material sets involved and associated fabrication methods of corresponding devices are compatible with current Si nanoelectronics process technologies. In addition, the intra-4f Er 3þ transition from 4 I 13/2 to 4 I 15/2 results in near-infrared luminescence around 1540 nm, corresponding to the wavelength window for minimal optical losses in silica based fibers. Further, the Er specific gain spectrum favors high efficiency and low signal noise in high-bandwidth optical communications.
It is well known that the Er intra-4f transition is parity forbidden for free ions, and is only made possible by crystal fields once Er ions are embedded in a solid. Due to restrictions imposed by the electric dipole selection rules, the intrinsic Er luminescence from a solid remains weak. In that case, it is necessary to rely on sensitization processes for efficient excitation of Er ions.
To this end, many Si-based materials have been investigated for their potential applications as the host matrix for Er doping. Among these host matrices for Er ions, Si-rich oxides have been extensively investigated for this purpose, as crystalline or amorphous Si nanoclusters formed as a result of phase separation could be efficient sensitizers for Er excitation in these materials. [3] [4] [5] However, despite an enhancement of several orders of magnitude in the effective excitation cross section of Er in Si-rich oxides, the prospect for efficient optical gain/lasing using Er-doped Si-based materials is still elusive. The population of inverted Er ions achievable in such materials is too low as only a few percent of the Er ions are optically active, a fact which is attributed to the small density of Si nanocrystals formed in the matrix, and the short interaction range between Er and Si nanocrystals via the Auger energy transfer mechanism. 6 In addition, the formation of Si nanocrystals could introduce additional nonradiative centers, possibly due to Si dangling bonds at the interface of nanostructured Si and the oxide matrix, leading to a very short Er lifetime, which is further detrimental to lasing. 7 Therefore, it is necessary to investigate new material deposition and processing schemes that could lead to improved Er luminescence properties through structural modification of typical Si-rich oxides.
Light emission from Si-rich oxide falls typically in the red and near-infrared ranges, as a result of quantum confinement in Si nanoclusters and of the interactions of these clusters with structural defects. Interestingly, a number of studies have shown that incorporation of carbon in Si-rich oxide thin films during (e.g., chemical vapor deposition) or postfilm growth (e.g., ion implantation) could result in intense luminescence in the blue-green range. [8] [9] [10] [11] [12] [13] However, most of the work on C-doped Si oxides has focused on the intrinsic luminescence properties of the Si matrix in the visible/ultraviolet range, whereas the prospects of using such materials as host a) for Er ions for advanced optical applications in the nearinfrared range have yet to be fully explored.
The presence of visible/ultraviolet luminescence centers in C-doped oxides would allow high-lying states (e.g., 4 F 7/2 and 2 H 11/2 ) within the Er 3þ 4f atomic configuration to participate in Er excitation processes at high efficiency. Moreover, it is believed that the formation of Si nanoclusters would be inhibited in C-doped oxides due to the strong Si-C bonding. In contrast to the extensively studied Er-doped substoichiometric silicon oxides, the properties of Er luminescence from C-doped oxides, particularly the effects of processing conditions on Er excitation and de-excitation, have not been well investigated.
The present investigators have recently demonstrated strong room-temperature photoluminescence around 1540 nm in Er-doped silicon oxycarbide thin films grown by thermal chemical vapor deposition (TCVD). 14, 15 Similar to the case of Er-doped silicon oxide containing Si nanocrystals, the effective excitation cross section for Er ions in silicon oxycarbide was found to increase by up to 4 orders of magnitude, as compared to that for direct optical absorption. As a follow up to those investigations, the current report presents results from an on-going study of thermal annealing effects on the photoluminescence properties of C-doped Si-rich oxides (SiC x O y ) implanted with Er ions. The experimental results show that postdeposition annealing at high temperature can significantly enhance the near-infrared luminescence of Er in C-doped oxides. In addition, the effects of postimplantation annealing were examined for different gas ambients including H 2 and O 2 . Corresponding results are discussed in the context of the underlying physical mechanisms for generation of luminescent defect centers and associated interactions with Er ions.
II. EXPERIMENTAL CONDITIONS
The amorphous C-doped Si-rich oxide thin film samples (a-SiC x O y ) used in this study were grown on Si wafers in a hot-wall quartz tube reactor by TCVD. A single source oligomer, 2,4,6-trimethyl-2,4,6-trisila-heptane (C 7 H 22 Si 3 ), was utilized for Si and C, with a flow reset at 10 SCCM (where SCCM denotes cubic centimeters per minute at standard temperature and pressure). Ultrahigh purity oxygen and argon were employed as, respectively, co-reactant and dilution gases. For this study, the deposition conditions were controlled to produce a C concentration in the resulting films in the range of 4-7 at. %. This range was selected in accordance with reports in the literature [8] [9] [10] [11] [12] [13] regarding achievement of the highest luminescence in C-doped Si-rich oxides at these levels of C doping. The thickness of the deposited aSiC x O y thin films was $300 nm, and remained at this value (within $10%) throughout all the processing conditions discussed herein. 16 The as-deposited samples were divided into two groups. One of the two groups (Group I) was left untreated, whereas the other group (Group II) underwent a postdeposition anneal at temperatures in the range of 800-1100 C in an Ar gas ambient. All samples were then implanted with 260 keV Er ions at a dose of 1 Â 10 15 cm À2 , and subsequently annealed at 900 C in an Ar ambient for 1 h to repair any implantationinduced damage and enable activation of the Er ions. Passivation studies were also performed by selecting three subsets of both groups of samples and subjecting them to heat treatment for 1 h in the temperature range of 300-900 C in flows of, respectively, Ar, O 2 , and forming gas (H 2 5% þ N 2 95%).
The samples were characterized with a variety of techniques, including Rutherford backscattering spectroscopy (RBS) and nuclear reaction analysis (NRA) for compositional measurements; Fourier transform infrared absorption and x-ray photoelectron spectroscopy for electronic bonding information; spectroscopic ultraviolet-visible ellipsometry (UV-VIS-SE) for optical properties; and transmission electron microscopy (TEM) for morphological characteristics. In particular, photoluminescence (PL) measurements were conducted at room temperature under continuous wave (cw) excitation using an Ar laser. A 1 m monochromator equipped with a liquid-nitrogen cooled Ge detector and a thermoelectrically cooled photomultiplier, in conjunction with an optical chopper and a lock-in amplifier, was used to acquire luminescence spectra in the near-infrared and visible range.
III. RESULTS
A detailed account for the optical and structural properties of deposited SiC x O y thin films and their evolution with thermal annealing can be found elsewhere. 16, 17 Instead, this report focuses on the photoluminescence properties of the Er-implanted C-doped Si oxide thin films. It is worth noting that the composition of the as-deposited samples was determined by RBS to be SiC 0.11 < x < 0.21 O 1.57 < y < 1.85 , corresponding to a carbon concentration of 4-7 at. % C in the oxide. Additionally the hydrogen concentration in the as-deposited films was $7%, as determined by NRA.
A. Effects of Er doping in the Group I samples
The Group I samples (i.e., the as-deposited samples that were not thermally treated prior to Er doping) exhibited a strong room-temperature PL band spanning a range from the red to the green, prior to Er doping, as shown in Fig. 1 . It should be noted that the low wavelength cutoff ($480 nm) in the PL spectrum is attributed to the optical filter used to absorb scattered laser light. As expected, the position and shape (broadening) of the PL band resemble those reported in the literature for C-doped Si-rich oxides. [8] [9] [10] [11] [12] [13] Such luminescence spectra match closely to the blackbody ($6000 K) emission spectrum of the sun, thus offering an interesting approach based on C-doped Si-rich oxides for achieving white light emitters. 12 Following Er ion implantation and postimplantation anneal at 900 C, the intensity of the matrix-related PL in the visible increased substantially without any apparent change in the PL spectral shape as compared to that in the as-deposited samples. Additionally, the postimplantation annealing resulted in optical activation of implanted Er ions, most likely due to the incorporation of Er into the appropriate bonding configuration along with a decrease in the density of nonradiative defect centers. In this context, the near-infrared PL spectrum of Er is typical of Er-doped amorphous materials, particularly in terms of its significantly broader profile than its crystalline analog. The extended width of the PL spectrum could be useful for applications related to highbandwidth data transmission.
The Er PL from the C-doped oxide is significantly stronger than that of the SiO 2 :Er reference sample (Fig. 2) . A marked difference in the Er PL power dependence of Er PL is also observed between the C-doped and reference samples. The Er PL intensity in the latter exhibits a linear dependence on the laser excitation power over the entire power range examined. Conversely, the Er PL in the C-doped films achieves saturation at the high laser power ($200 mW) range.
The effective cross-section for Er excitation in the Group I samples was estimated by fitting the laser power dependence of Er PL intensity (Fig. 3) to a two-level theoretical model. In this context, the rate equation describing the excited Er ( 4 I 13/2 ) population (N * ) under steady conditions can be written as
where N o is the total population of optically active Er ions, r eff is the effective cross section for excitation of Er to the first excited state, u is the pump photon flux, and s the luminescence lifetime associated with both radiative and nonradiative deexcitation processes. Assuming a power independent decay time and effective cross section, and noting that the maximum luminescence intensity is given as I max $ N o /s rad , the Er PL intensity (I Er ) as a function of the excitation photon flux can be derived as
I max can be determined by extrapolating power dependence data to the extremely high power case. The simulated data are also shown in Fig. 3 . The best fit yielded a value of 10 À21 cm À2 s for r eff s. However, measurement of luminescence lifetime was limited by the system response ($1.2 ms). Thus, a lower bound for the effective excitation cross section can be estimated as $10 À18 cm
À2
, which is 3 orders of magnitude higher than that for Er optical absorption.
B. Effects of Er doping in the Group II samples
The postdeposition, pre-Er doping, annealing step performed on the Group II samples (i.e., the as-deposited samples that were thermally treated prior to Er doping) was found to be useful for improving Er luminescence in Cdoped oxide films (Fig. 4) . It should be noted that Er PL intensity of the Group II samples was appreciably higher than its Group I counterparts. As can be seen in Fig. 5 , the Group II Er PL intensity increased with postdeposition annealing temperature, and reached its top value at the highest annealing temperature (1100 C) used. At this temperature, the PL intensity of Group II samples was 3-4 times of their Group I analogs.
Additionally, the PL intensity of the Group II samples decreased by only $30% as the excitation wavelength was varied from 457 to 514 nm (Fig. 5 ). The observed Er PL excitation wavelength dependence is similar to that detected for optical absorption in non C-doped Si oxide material systems as a function of increasing wavelengths. 17 For comparison purposes, the Er PL excitation wavelength dependence for the SiO 2 :Er control sample is also shown in Fig. 5 . As expected, only resonant/partially resonant pumping occurs in 6 ) exhibits a trend similar to that for their Group I analogs. However, saturation was achieved for the Group II films at a much higher PL intensity than their Group I counterparts. The r eff s value for the sample with the postdeposition annealing, determined based on fitting to the two-level model, is only slightly greater than that for the Er-doped as-deposited sample.
Even after the 1100 C postdeposition annealing, the Group II matrix-related PL spectra ( Fig. 7) were still dominated by a broad visible band (530-650 nm), rather than by the red PL band around 600-800 nm. The latter has been ascribed to the luminescence of Si nanocrystals with size larger than 2 nm in Si-rich oxide following high temperature annealing. This finding is in agreement with the TEM studies by the present investigators. These studies indicated the absence of Si nanocrystals in the 1100 C postdeposition annealed samples. Prior to Er doping, the 1100 C postdeposition anneal resulted in an increase of $4 times in the matrix PL intensity, compared to the case without postdeposition annealing. However, Er doping for the 1100 C annealed sample caused a slight decrease ($15%) in the matrix related PL intensity.
C. Effects of thermal passivation
As mentioned earlier, a series of passivation experiments were performed in the temperature range 300-900 C to examine the effects of thermal treatment in inert and reactive environments on the PL properties of the Group I films (i.e., the as-deposited samples that were not thermally treated prior to Er doping) and the Group II films with the highest PL performance (i.e., the as-deposited samples that were thermally treated at 1100 C prior to Er doping). To this end, three different types of annealing environments were employed, namely, Ar, H 2 , and O 2 . Results of these studies are shown in Figs. 8 and 9, which display the PL intensities for, respectively, the matrix-related visible spectrum and Er near-infrared spectrum as a function of passivation annealing temperatures for the three different gases.
In the case of the Ar annealing, no significant change was seen for either spectrum. In contrast, annealing in an O 2 environment produced a gradual decrease in the PL intensity of the matrix-related spectrum in the visible as the annealing temperature increased, and led to complete quenching of the matrix-related PL at 900 C. Similarly, the near-infrared Er PL intensity exhibited a gradual intensity reduction with higher passivation temperature, with the signal being undetectable after the 900 C thermal treatment step. On the other hand, H 2 passivation led to a rise in the matrix-related PL intensity in the visible with higher annealing temperature above 500 C). In particular, the matrix-related PL intensity increased by a factor of $2 for the Group I samples following H 2 thermal treatment at 900 C. In contrast, H 2 passivation did not produce any impact on the Er nearinfrared PL spectrum. It was also noted that the postdeposition annealing step had little influence on the dependence of the matrix and Er PL on passivation recipe, with both the Group I and Group II samples exhibiting a similar behavior as a function of the type of gas and temperature used in the thermal treatment step.
IV. DISCUSSION

A. Matrix-related luminescence centers
It is well documented in the literature that various luminescent centers could form in nonstoichiometric Si oxides depending on film growth process and subsequent treatment protocols. In this context, the formation of crystalline or amorphous Si nanoclusters has been considered as an important step in the achievement of light emission from Si-rich oxides. To this end, various research groups have reported photoluminescence from Si oxides over a band within the red range (600-800 nm) from Si-rich oxide thin films after high-temperature annealing. This particular PL feature is ascribed to the luminescence from relatively large (> 2 nm) Si aggregates, as attributed to the quantum confinement effects and the surface states associated with Si nanoclusters. 18 The absence of a matrix-related red PL band in the Si oxide system grown by the present investigators could be attributed to the possibility that the size of Si nanoclusters, assuming formation of such in C-doped Si-rich oxides, might not exceed 2 nm, even after thermal treatment at high temperatures. This hypothesis is supported by the observation that precipitation of excess Si in the oxide is initiated by diffusion of Si atoms, with the presence of C in Si-rich oxides acting to suppress the diffusion due to the formation of very strong Si-C bonds. As a result, it would be expected that the density of Si aggregates is quite small, as in the cases of Sirich oxides with a large concentration of Si-N bonds. [19] [20] [21] Additionally, a substantial shift in the wavelength positions of the Si nanocrystal PL band is usually observed after hydrogen or oxygen passivation, 18 ,22 a behavior that was not observed for matrix-related PL in the samples studied herein-with the PL band position remaining virtually unchanged, irrespective of the postdeposition passivation treatment used.
For the Si-rich oxide films investigated in the present work, the atomic ratio of "excess" Si (i.e., matrix Si that is not bonded to O) to C is in the range of 0.5-0.75. It is therefore more likely that if nanoclusters were to be present, they would be in the form of SiC x rather than Si nanoclusters. Such SiC x nanoclusters have been suggested as an important source for intense matrix-related PL in the visible, as generally observed in C-doped Si-rich oxides. 12, 23, 24 Depending on the specific recipes employed for sample treatment, these nanoclusters could also be partially oxidized and transformed to SiC x O y clusters.
It was also suggested that precipitation of C atoms could occur in C-doped oxides following high temperature annealing. 25 These C precipitates could, in turn, act as luminescent centers in the matrix. 26, 27 However, if the observed matrixrelated PL in the visible was due to a variety of C-related aggregates in the films investigated herein, then the wavelength positions of such C aggregate-related PL spectra would be dependent on C concentration and sample processing protocols. However, the matrix-related PL spectral positions were practically not affected by either factor, thus eliminating C precipitation as a viable cause.
Alternatively, it is well known that a high density of optically active defect centers exist in nonstoichiometric silicon oxides. Various O associated centers have been identified as radiative recombination centers in the visible spectral range in Si oxides. [28] [29] [30] For one, nonbridging O hole centers (NBOHCs), or O 3 :Si-O configurations, formed by breaking Si-O bonds and leaving the corresponding O atoms nonbonded, could yield luminescence in the red range around 620 nm ($2 eV) as a result of the optical transition between the Si-O r bond and the nonbonded O 2p state. 31 Another active defect center is the neutral oxygen vacancy (NOV), which results from the relaxation/rearrangement of two neighboring Si dangling bonds following O bleaching (O 3 :Si-Si:O 3 ). These types of oxygen deficient centers could lead to green PL emission around 520 nm (2.7 eV).
The NBOHC and NOV configurations could be modified by reactions with O 2 or H 2 during, e.g., the thermal treatment step, thereby quenching their luminescence. This observation is in agreement with the findings reported by the present investigators regarding the effects of O 2 passivation effects on matrix-related PL, but contradicts the observed PL enhancement in the visible in the case of H 2 passivation in the samples grown herein.
It should also be noted that in the case of C-doped Si oxides, the addition of C could occur substitutionally with Si in the matrix, leading potentially to the formation of Crelated NBOHCs and/or NOVs in the samples investigated in the current work. Due to the weak spin-orbital coupling in C-related complexes, the PL bands for such C-related centers are expected to blueshift with respect to their Si counterparts. [28] [29] [30] Based on the previous discussion regarding potential sources of matrix-related PL in Si oxide systems, it is clear that neither SiC x -like nanoclusters nor oxygen-related defects alone could explain the matrix-related PL profiles in their entirety in the Si oxide films produced herein. Instead, it is suggested that both mechanisms could be responsible for the behavior observed, with the relative prevalence of their individual roles being function of the processing conditions used.
More specifically, in the case of the as-deposited Si oxide samples, it is possible that SiC-like nanoclusters could be formed during the sample fabrication process, at a size corresponding to a band gap in the visible. Due to the nature of nonstoichiometric oxides, luminescent centers, such as NBOHCs and NOVs, would be expected to coexist in the Si oxide samples. This expectation, when coupled with the anticipation that the maximum size achievable for the nanoclusters is limited by the formation of the strong Si-C bonds, would lead to the matrix-related PL observed in the visible for the as-deposited samples.
In this respect, the number of NOVs and NBOHCs are expected to increase following postdeposition annealing due to the reduction in the density of the OH or H bonds that originally existed in the samples. Further, the rise in the population of nanoclusters is accompanied with an increase in the density of nonradiative defect centers, such as the asymmetrically relaxed oxygen vacancy or the E 0 center (O 3 :Si), and the Si dangling bond or the P b center (Si 3 :Si). 32, 33 It is suggested that the conflicting effects of the radiative centers and the nonradiative defects result in a moderate increase (a factor $4) in the matrix visible PL intensity, as observed following the postdeposition annealing. Finally, O 2 and H 2 passivation is expected to impact the matrix PL differently. Annealing in H 2 tends to passivate a significant number of nonradiative defect centers. The PL intensity from existing nanoclusters increases substantially despite the loss of additional luminescence centers like NBOHCs and NOVs. In contrast, annealing in O 2 would not only deactivate the O related luminescence centers, but it also tends to decrease the size of nanoclusters due to oxidation. This reduction would result in a complete quenching of visible PL, as the luminescence of the smaller nanoclusters is expected to blueshift to the UV range.
It was observed that the matrix PL in the visible in the asdeposited samples decreases quickly (by more than a factor of 2) as a result of laser exposure during PL measurements (Fig. 10) . A similar trend was observed for thermal oxide on Si, in spite of its much weaker PL intensity in the visible. The PL intensity decrease with duration of laser irradiation was gradually less pronounced with higher annealing temperature, becoming essentially independent of laser exposure time for the 1100 C annealed sample. The cause of this behavior is not clear. It is suspected that photocarriers generated in the Si substrate during laser irradiation could be injected (e.g., via tunneling assisted by interface defects) into the deposited oxide and, subsequently, populating the ground state of the luminescence centers. As the electron population in the ground state gradually builds up with irradiation time, luminescence is diminished due to a significant decrease in the density of states available for optical transition. The absence of this behavior after the high temperature annealing step suggests thermal treatment-induced modifications to the electronic structure of the interfacial defects, along with their possible removal, thereby preventing trapping of photocarriers from the Si substrate in the oxide. A similar photobleaching phenomenon was recently reported for silicon nanocrystal emission from Si-rich oxides. 34 
B. Er energy transfer mechanisms
It is known that the refractive index of the host material could play a prominent role in Er luminescence intensity due to its effects on the spontaneous emission rate 35 and light extraction efficiency. However, the variation in the refractive index of the SiC x O y system investigated herein as a function of thermal annealing was insignificant (within $3%). For example, the refractive index at 800 nm increased from $1.49 for the as-deposited samples to $1.53 for the 1100 C annealed samples. Such small change in the refractive index cannot be responsible for the effects of thermal annealing on Er luminescence in the SiC x O y system.
It should be noted that the dependence of Er PL intensity on excitation power and excitation wavelength for C-doped Si oxides exhibited a much different behavior for the SiC x O y system than that for the SiO 2 :Er reference. In particular, Er ions in C-doped Si oxides could be excited for a broad range of laser wavelengths, whereas the SiO 2 :Er sample exhibited excitation only within the resonant pumping feature.
The experimental findings discussed in the prior sections seem to indicate that indirect pumping or sensitization is the dominant mechanism for Er excitation in C-doped Si oxides. Under this mechanistic view, the dependence of Er luminescence on thermal annealing may reflect the difference in energy transfer from sensitizers to Er ions. In this respect, it was seen that the matrix PL displayed a broad spectrum in the green-red range (500-600 nm), with a large overlap with the energy ranges of several Er 3þ intra-4f transitions such as . As a result of this strong spectral overlap, energy released from the electronic deexcitation of the matrix-related luminescence centers (i.e., sensitizers or donors) could be efficiently transferred to surrounding Er ions (i.e., acceptors), promoting occupancy of Er 4f electrons at various excited levels. Further, the luminescence around 1540 nm results from the 4 I 13/2 -4 I 15/2 transition as the first excited level is populated following a fast (microsecond scale) relaxation from other higher energy levels. The strong overlap between the emission spectrum of sensitizers and its absorption counterpart for acceptors is essential for efficient energy transfer, as demonstrated in the case of enhanced green emission of Tb ions in C-doped Si-rich oxides. 36 In the case of Si-rich oxide containing Si nanocrystals as Er sensitizers, it was generally observed that Er luminescence is accompanied with the quenching of luminescence from Si nanocrystals. 37 Alternatively, the matrix PL intensity in the Er-doped SiC x O y samples investigated herein was either lower or higher than its counterpart prior to Er doping, depending on film deposition conditions, Er doping profiles, and postdeposition annealing conditions (Figs. 1 and 7) . 13 This behavior is expected in light of the existence of luminescence defect centers in the SiC x O y system, and could allow controlled modulation of PL intensity in Er-doped SiC x O y as a function of overall processing conditions.
A careful analysis of Er PL properties may shed some light on the effects of thermal annealing on Er sensitization. Based on the two-level model, 17 it is expected that the Er PL intensity would reach a plateau above a specific excitation power value, as the total number of excited Er ions cannot exceed the maximum number of optically active Er ions in the material. In this respect, it was found that thermal treatment at 1100 C could enhance the density of optically active Er centers by a factor of 4 (assuming same radiative lifetime), given that the Er PL intensity at the maximum excitation power was about four times as high as that in the Erdoped SiC x O y system without the 1100 C annealing step. As postdeposition annealing is not expected to alter the nature of luminescence centers, it is reasonable to consider that energy transfer from sensitizers to Er ions proceeds by the same mechanism (e.g., Auger-type processes) in all of the SiC x O y samples, and/or the interaction volume for sensitization remains unchanged as a function of processing conditions. Also, the Er spatial distribution is expected to be similar in all samples due to the very small diffusivity of Er in materials. 38 Therefore, the four-times enhancement in the density of optically active Er ions following the 1100 C annealing suggests an increase by the same factor of $4 in the density of sensitizers (luminescence centers).
Similar to Er PL, the matrix PL intensity (I LC ) can be evaluated using the following two-level model:
where the symbols with subscript or superscript "LC" refer to the luminescence centers (LC) for matrix-related PL. In the case of a very small excitation cross section, luminescence lifetime, and excitation power density, r LC us LC ( 1. In this case, the PL intensity shows a linear dependence on laser power density:
Ultrafast laser measurements, as reported in the literature, 39 have found that luminescence lifetime for visible PL in Cdoped Si-rich oxides was in the range from 30 ps to 1 ns, several orders of magnitude shorter than its counterpart (10-100 ls) in Si nanocrystals. This characteristic was ascribed to the presence of SiC x -like nanoclusters in the C-doped Sirich oxides. Accordingly, if the matrix PL lifetime in the SiC x O y system studied herein was in the same range as that reported for C-doped Si-rich oxides (Fig. 11) , 38 its intensity would have exhibited a linear dependence on excitation power over the entire laser power range used. Instead, a single linear function could not fully describe the power dependence of the matrix PL intensity in the SiC x O y system. More specifically, at low laser powers (< 150 mW), the matrix PL intensity for Er-doped samples exhibited a linear dependence on laser excitation power. As the laser power exceeded 150 mW, the matrix PL intensity increase with laser power occurred at a smaller rate. In comparison, the Er PL intensity began to deviate from a linear power dependence at an excitation power above $50 mW (Figs. 3 and 6) .
Of special note are the similarities in the power dependence profiles of Er and matrix PL in the SiC x O y system, particularly as the transition from linear to sublinear dependence occurred in a comparable power range for both cases. This behavior also implies a strong energetic coupling between the matrix-related luminescence centers and Er ions. The saturation in the Er PL intensity at high excitation powers is a consequence of a limited number of optically active Er ions present in the samples and the effect of a number of quenching processes, such as cooperative up-conversion, excitedstate absorption, and Auger, have been shown to be unimportant. 3 The matrix PL is also believed to originate from an indirect excitation process in which photocarriers are generated at various locations within the matrix and are subsequently captured by the luminescence centers to produce light emission via radiative recombination at such sites.
It should be pointed out that the onset of deviation from the linear power dependence does not imply saturation of optical centers. Instead, it is suggested that it indicates a substantial increase in the population of excited optical centers, as compared to the very low power regime. Based on the orders of magnitude difference observed for optical absorption cross section and PL lifetime, the population of optically excited luminescence centers was estimated to be below 1% even under the largest power density used herein. Consequently, it is reasonable to deduce that the saturation of sensitizers did not occur in the SiC x O y system, and the effective Er excitation cross section is independent of laser power. Therefore, the onset of the sublinear dependence of matrix PL intensity on excitation power may also suggest an upper ceiling in the population density of matrix luminescence centers that could be actually involved in the Er excitation processes.
Based on the optical absorption coefficient ($10 4 cm À1 ), the cross section of optical absorption in the SiC x O y system is estimated to be on the order of 10 À16 cm 2 , similar to the case of Si-rich oxides containing Si nanoclusters. . This value is the same for the effective excitation cross section of Er ions expected for the films produced herein.
The luminescence centers that dominate in terms of energy transfer to Er ions should exhibit a PL lifetime that is comparable of that of the Er ions, i.e., on the order of microseconds. It is interesting to note that the PL related to many oxide defects, including NBOHCs and NOVs, is relatively slow, with the typical lifetime in the microsceond range. The optical transitions associated with these oxide defects involve cross-system relaxation from the first excited singlet state (S 1 ) to the ground triplet state (T 0 ), and from the T 0 state back to the ground singlet state (S 0 ). Both relaxation mechanisms are inefficient and relatively slow, given that spin-orbital coupling is needed to realize transitions between singlet and triplet states. The assertion that the lifetime for defect related PL is comparable of that expected for Er PL suggests that oxide defects, such as NBOHCs and NOVs, may play a critical role in energy transfer for Er excitation under the experimental characterization conditions employed in the current work.
This suggestion could be attributed to: (i) the use of cw measurements with a slow system response time ($1.2 ms). The latter would not allow the detection of transient behaviors of a time scale that is much shorter than the system response time, particularly as the PL signals detected herein are dominated by the slower component of luminescence processes; and (ii) more importantly, the prominent role that the lifetime for electronic excitation of sensitizers plays in Er excitation.
In this context, the two-level model predicts that the effective cross section (r eff ) for Er excitation is proportional to the matrix PL lifetime (s m ) as follows:
where r m is the absorption cross section of the matrix, s m is the excitation lifetime of sensitizers in Er-doped materials, k is the energy transfer coefficient from sensitizers to Er ions, and N s is the population of sensitizers. Extremely fast (psns) luminescence centers are not efficient sensitizers for Er as their excitations are likely relaxed before energy transfer to Er. 5 In this instance, the efficiency for Er excitation is expected to be quite low, as a large number of fast luminescence center excitations under CW conditions would be lost without energy transfer to Er ions during two successive Er excitation processes, due to the significantly slower (ls-ms) deexcitation of Er ions.
The matrix PL for the Er-doped samples after the 1100 C annealed was seen to increase with laser power at double the rate of that for the as-doped samples. Thermal treatment also yielded an increase by a factor of $4 for both the sensitizer density and optical absorption cross section. Using the intensity ratio of matrix PL between the pre-and postannealed Er-doped films, Eq. (4) yields an estimated decrease in matrix PL lifetime by a factor of $4 after the 1100 C treatment. This reduction is consistent with the expectation of a higher density of C-containing nanoclusters with very short luminescence lifetime as a result of the annealing step. The introduction of nonradiative defects accompanying the formation of nanoclusters and the loss of hydrogen initially incorporated during deposition may further contribute to the reduction in matrix PL lifetime. Compared to other nonradiative recombination pathways, energy transfer to Er ions would provide a very efficient route to the relaxation of electronic excitation within the luminescence centers. This suggestion is not surprising considering the strong overlap in the spectra of Er optical absorption and matrix luminescence emission.
C. Effects of hydrogen passivation
The findings reported in the current work for C-doped Si-rich oxides implanted with Er indicate that H passivation had virtually no effects on Er luminescence. In contrast, H treatment did yield an enhancement in matrix PL intensity by up to a factor of $2.
In this respect, these results are in disagreement with the observations that have been widely reported in the literature in regard to the influence of H passivation on Er luminescence in Si-rich oxides containing Si nanocrystals. 7, 40, 41 It was generally observed that H passivation can increase luminescence intensity for both Si nanocrystals and Er ions in Sirich oxides. This enhancement was attributed to the removal of nonradiative defects (e.g., P b centers) by H passivation. Conversely, the findings described herein are in agreement with the work of Savchyn et al., 7 but only with respect to the effects of H treatment on matrix PL. More specifically, Savchyn et al. recently reported that H passivation did not influence the Er and matrix PL in Si-rich oxides that did not contain Si nanocrystals. Savchyn et al. argued that in such oxide systems, Er luminescence is mediated by oxide related defect luminescence centers. Further, the lack of Si dangling bonds might have rendered both the Er and defect luminescence insensitive to H treatment.
For the case of PL from an amorphous material, it has been suggested that some dangling band tail states could be terminated by H. Carriers with limited hopping length would be unable to reach matrix luminescence centers coupled to Er ions. In this scenario, an increase in the matrix PL intensity is expected, as the probability for carrier capture by nonradiative defects is reduced. Concurrently, a variation (even a reduction) in Er luminescence intensity could be anticipated as a function of the density and position of band tail states that have been passivated by hydrogen. However, no detectable change in Er PL intensity was observed for a wide range of passivation temperatures for the C-doped Si-rich oxides implanted with Er produced herein.
Alternatively, hydrogen could facilitate atomic diffusion, as reported for hydrogenated Si:O:Er. In this case, Kocher-Oberlehner et al. 42 reported that the incorporation of H could lead to enhanced diffusion of both Er and O, therefore modifying the local environment for the formation of efficient Er luminescence centers. This mechanism could have explained the increase in matrix PL intensity in C-doped Sirich oxides implanted with Er, if Er ions or other factors causing the quenching of matrix PL diffuse away the luminescence centers as a result of H passivation. However, it seemed unable to justify the observation of a constant Er PL intensity over the entire H treatment temperature range employed in the current experiments.
Another potential cause could be Si dangling bonds at the SiO 2 /Si interface or P b centers in Er-doped oxides containing Si nanocrystals. These dangling bonds have been suggested as a luminescence quencher for Er ions, as the level corresponding to an electron-capturing P b center is located $0.8 eV below the Si conduction band, thus providing an efficient pathway for nonradiative deexcitation of Er ions through electron reemission from the P b center. 43 In this context, the absence of H-induced effects on Er PL in Cdoped Si-rich oxides could be an indication that P b centers may not be a dominant nonradiative center in this Si system. This observation is consistent with the hypothesis regarding the presence of C-(e.g., in the form of SiC x and/or one of its oxides) and O-containing defects as the matrix luminescence centers, as P b centers typically form as a result of precipitation of Si, particularly the formation of nanocrystalline Si phases in oxides. 7 Instead, the observed increase in the matrix PL intensity is likely due to the H-induced reduction in the density of nonradiative defects. However, these H-activated matrixrelated luminescence centers do not appear to transfer their excitation energy to Er ions-as documented by the absence of an increase in Er PL. It seems that the defects responsible for quenching of the matrix luminescence in C-doped Si-rich oxides are not spatially coupled to Er ions, or do not provide an efficient pathway for relaxation of excited Er ions in a role similar to that of Si dangling bonds play for Er deexcitation in Si-rich oxides containing Si nanocrystals.
Another speculation is that the additional matrix luminescence centers activated by H passivation may be associated with C-containing nanoclusters. These H-passivation activated luminescence centers may be spatially close to the optically active nanoclusters initially present in the matrix. Due to the overlap in the interaction volumes and the very short lifetime of electronic excitations in these nanoclusters, an increased density of optically active nanoclusters would only enhance the matrix-related visible PL with little effect on Er PL. To further address this issue, future work will be implemented to identify the nanoscale structures of various defects and phases, and their links to the optical activities (including ultrafast transients) of Er and matrix-related luminescence centers in C-doped Si-rich oxides.
V. CONCLUSIONS
Thermal annealing effects on photoluminescence properties were investigated for C-doped Si-rich oxides implanted with Er. When pumped using an excitation source in the visible, the C-doped Si-rich oxides were found to exhibit a green-red (500-600 nm) PL band, possibly related to various luminescence centers in the matrix, including C-containing nanoclusters and oxide defects (e.g., SiC x and/or one of its oxide forms). Based on the characteristics of Er and matrix-related PL, and their dependence on the experimental processing conditions, it is suggested that matrix-related luminescence centers, particularly oxide defects, are the likely sensitizers responsible for energy transfer to Er in C-doped oxides. It was also determined that the intensity of the Er near-infrared luminescence could be increased by up to a factor of $4 with a postdeposition anneal at 1100 C. This enhanced Er luminescence is ascribed to an increase in the sensitizer population as a result of the thermal treatment.
Passivation experiments with O 2 resulted in a reduction of both Er and matrix PL intensities. Eventually complete quenching was achieved at 900 C. This finding offers further evidence supporting Er excitation through energy transfer from oxide defect centers. Conversely, H passivation had little effect on Er PL intensity over a wide range of passivation temperatures, although it led to a substantial increase in matrix PL intensity. The cause of this behavior is not yet clear. It may be partially related to the absence of P b centers, as the formation of Si nanocrystals is believed to be inhibited in C-doped Si-rich oxides. The Er excitation cross sections and luminescence lifetimes in the samples produced herein are comparable to those for Er-doped Si-rich oxides containing Si nanocrystals, but lower than the case for Er-doped Sirich oxides with amorphous-Si nanoclusters. 44 Our future studies, aimed to understand the formation of defects and nanoclusters and their respective roles in excitation and deexcitation of Er in C-doped Si-rich oxides, would provide the key to further improving the Er luminescence properties in such materials.
